The structural chemistry of SiH compounds is a vast topic. I shall touch on only a few aspects of its complexity in this lecture, which could be divided into two parts. The first part deals with some attempts to determine the geometry of molecular silicon compounds, and the second with the application of n.m.r. spectroscopy to some problems of silicon chemistry. In each of these fields, it is a real advantage to work with SiH compounds. In the determination of the structure of a molecule by almost any method, it is easiest to work with the simplest derivative possible; thus SiHa-compounds are much easier to study than SiRa-derivatives, whether by electron diffraction, microwave spectroscopy, or vibrational spectroscopy. In n.m.r., the resonance of H directly bound to Si should give more direct information about the other groups bound to silicon, because the proton is closer to the active site than are protons in alkyl groups attached to the silicon atom.
MOLECULAR GEOMETRY
The number of simple, volatile silicon compounds whose structures have been determined precisely is relatively small. Microwave spectroscopy has been used to determine bond distances and angles in the silyl halides, the trimethylsilyl halides, and a few asymmetric tops like Me2SiH 2 . Except in the simplest cases, however, it is almost always necessary to assume at least some of the parameters that are to be determined. Moreover, it is not as easy as it sounds to obtain the internuclear distances from the observed microwave lines, even in the simple silyl halides SiHaX. The lengths of bonds from silicon to halogen or to carbon are well known by now, as is the fact that the SiF bond in the series SiHa-nF n gets shorter as n increases, but the interpretation of the observed lengths in terms of the type ofbonding is still rather subjective. It is interesting, of course, that Si-C bond lengths do not accord well with the idea ofhybridization radii: the SiC bond lengths in silylacetylenel and in silyl cyanide2 are appreciably different. Moreover, although the SiH angles and distances in these compounds have not been determined beyond question, it is clear from the values of the small moments of inertia obtained from theinfrared spectra that the geometry of the SiHa-group is appreciably different tooa. It would be interesting but unfortunately difficult to find accurately the geometry of the Me 3 Si-groups in MeaSiCCH andin MeaSiCN.
The silyl pseudohalides have also been studied by microwave spectroscopy. The spectrum of the isothiocyanate, SiHaNCS, has been analysed in detail4, but work is not yet complete on the spectra ofsilyl azide and silyl isocyanate. The spectrum of the isocyanate is complicated by the effects of centrifugal distortion and by the fact that there appears to be a bending vibration of the skeleton at ,.._, 30 cm-1. The details of the structure are still uncertain, the more so since the N atom is very close to the centre of mass of the molecule; the molecular parameters that are at present believed to fit the spectrum best are shown in Table 1 . It is certain that the SiO distance is rather shorter than expected, but it is not clear which of the interverring bonds is relatively the shortest. Fortunately, though, the microwave spectra of symmetric tops differ sufficiently from those of even slightly asymmetric tops for it to be possible to say with certainty that silyl isocyanate is a symmetric top, with a linear heavy atom skeleton, and that silyl azide is not10; it has similarly been concluded that trimethylsilyl azide is an asymmetric topll. For silyl azide, this conclusion is reinforced by the absence of easily-resolved rotational detail in the infrared bands associated with SiH bending and stretching12, I know of no reason w hy such detail would not be resolved if the skeleton were linear, and indeed it is often observed even in slightly asymmetric tops (!v1eNCS) 13, 14. These differences have been rationalized in valence bond terms15; while we usually associate the linearity of silyl isocyanate with (p --3> d)7T-bonding from N to Si, it should be noted that (p --+ d)7T-bonding is also possible in the ben t azide, through structures such as
Although it would be possible in principle to determine the structures of disiloxane and disilyl sulphide by microwave spectroscopy, they have so far only been investigated by electron diffraction, which of course gives the wide angle of 144° in disiloxane16 and the narrow one of 97° in the sulphide17. Apart from trisilylamine18, very few other silicon compounds have been studied really precisely by electron diffraction, and less direct methods must often be used to find the angles. From the 15NH coupling constant in the n.m.r. spectrum of (Me 3 Si)2NH, for instance19, it is possible to calculate the Si-N-Si angle as 129°, using a formula derived empirically for organic amines and amides that relates J( 15 NH) to the s-character in the NH bond20, Though this value is very reasonable, it represents little more than a good guess, because the theory on which it is based has not been at all widely tested. It has been more common in the past to use vibrational selection rules as indices of molecular geometry. I t is well known, for instance, that the vibrational spectra of disilyl sulphide21 and of trisilylamine22 are consistent with the bent structure for the one molecule and the planar structure for the other. Unfortunately, however, vibrational selection rules only teil us which bands are allowed; they do not tell us whether all the allowed bands will be strong enough to be observed. The spectra of trialkylsilyl compounds are sornetimes rather cornplicated for a full analysis, and so we (in collaboration with Dr. L. A. Woodward) have measured the vibrational spectra of trisilyl phosphine, trisilyl arsine and trisilyl stibine, to see if the results give us any idea as to the shapes of the SiaX skeletons. It is, of course, of some interest to see whether (p --+ d)1r-interactions between silicon and elen1ents of the second, third and fourth groups of the periodic table are of stereochemical importance.
Before considering the observed spectra, a word is necessary about the vibrational selection-rules for the planar and for the pyramidal models of (SiH 3 ) 3 X. There are three differences to which I shall make particular reference:
For skeletal stretching modes
In the planar model, both modes are Raman-active, but only the antisymmetric one is allowed in the infrared. For the pyramidal model, both modes are allowed in both effects.
For the skeletal bending modes
In the planar model, one of the two skeletal bending modes is active in the Raman and one is forbidden; both are allowed in the infrared. In the pyramidal model, both are allowed in both effects.
For the SiHa bending modes
Here the selection rules may depend on the rotational conformation of the SiH 3 -groups. We analysed the spectrum of trisilylamine in terms of the point group Cah; this allows three SiHa bending modes in the infrared, of which one is Raman-forbidden, and four others in the Raman. As the central atom gets larger, the SiHa-groups are likely to rotate more freely unless the SiXSi angles change too, and freer rotation would probably lead to the appearance of fewer, rather than more bands. For a pyramidal molecule, the selection-rules are less stringent; moreinfrared bands would be expected, and all ofthem should have Raman Counterparts. It is not entirely clear to me how the point group will be affected by almost free rotation ofthe SiHa-groups.
These rules sound very helpful, but in practice they are less useful than they sound. Of the compounds studied, only trisilylamine is sufficiently volatile to give high pressures in a normal gas-cell for infrared spectroscopy; Iiquidphase spectra are hard to obtain, and the spectra of solids are not generally governed by the same selection-rules that hold for the free molecules. The skeletal bending modes appear in a region of the spectrum that is notoriously hard to study in the infrared, and presents problems even in the Raman; we have been unable to record infrared spectra at frequencies lower than 250 cm-1, and so have had to rely entirely on Raman spectra in relation to point 2 above, even though it is clear that weak Raman lines close to the exciting line may possibly have escaped detection. The results that follow are therefore to some extent provisional.
Bearing all these points in mind, we may now Iook at a line diagram ofthe spectra of (SiRa)sX at frequencies lower than 1000 cm-1 ( Figure 1 ). For the Frequency, cm-1 Figure I . Approximate line drawing of the vibrational spectra of (SiHa)aN, (SiHa) 3 P, (SiHa)aAs, (SiHa)aSb; the phases are as stated compounds of N, PandAs, the skeletal stretching modes obey the selection rules for the planar model, so far as we canteil; the symmetric SiaX Stretching mode, which is present as a very weak band in infrared spectra of (SiR 3 )3N at high pressures, is also present very weakly in theinfrared spectra of solid (SiRa)aP and (SiRs)sAs, but we have not detected it in the infrared spectra of liquids or of the vapours ( though I must admit that the spectrum we obtained ofliquid (SiRa)sP was not very satisfactory). Only one skeletal bending mode was observed in the Rarnarr spectrum of the amine, the phosphine or the arsine; the SiRs-bending modes of (SiHs)sP and (SiRa)aAs give rise to two infrared bands, ofwhich one (as predicted) has no Raman counterpart. All this is consistent with the planar structure for all three molecules, if we suppose coincidence of some of the SiRs-bending modes; we could account for the spectra without difficulty in terms of slightly non-planar molecules, but it would be rather harder to do so if the Si-X-Si angles were close to the 100° of trialkyl phosphines. The stibine presents more of a problem. The observation of only one skeletal bending mode in the Raman implies a planar skeleton ( unless, as is possible, the single Raman line represents two unresolved bands); on the other hand, there are at least three bands due to SiH 3 bending modes in the infrared spectrum, and the strongest of them ( analogaus to the band in the spectra of the phosphine and arsine with no Raman counterpart) in this case coincides with a weak Raman line. To make matters worse, the skeletal stretching modes are extremely weak in the infrared; we have only detected them as weak bands in the thickest of solid films, when the selection rules for the free molecules arenot applicable. We can deduce little about the molecular geometry from our results in this case; Professor Amberger's results with the tris-trimethylsilyl compound are of great interest here. My own feeling is that the skeleton is further from planar for the antimony compound than for the others. It is perhaps worth noting that the Raman spectrum of trigermyl phosphine shows two skeletal bending modes in the Raman, indicating that the skeleton is not planar; the GeH 3 deformation modes in the infrared are split much as are the SiHa deformation modes of trisilyl antimony23.
The main moral of all this is that while vibrational spectroscopy can give a clue as to the symmetry of a molecule, the method is unreliable, and the structure must ultimately be determined by some method such as electron diffraction or X-ray crystallography; we are making a crystallographic study of this particular series of cornpounds. Among examples where vibrational spectroscopy has led to the wrong conclusion about molecular symmetry, the best-known in silicon chemistry is of course the case of disiloxane24, where the skeletal modes obey the selection rules foralinear model although the bond angle is 144 °. Another, sirnilar case is that of disilyl~ carbodiimide25. The infrared and Rarnan spectra of this cornpound are consistent with the rnolecule's having a linear SiNCNSi skeleton, but we do not observe rotational detail in the infrared spectrurn; rnoreover, hexamethyldisilyl-carbodiimide had a substantial dipole moment26, irnplying that a linear skeleton is not likely in this case at least. In general, the analysis of vibrational spectra leads rnore often to the attribution of too high a syrnrnetry to a rnolecule than it leads to the attribution of a symrnetry that is too low.
As for the influence of Si-rnethylation on the bond angles in silicon cornpounds, I arn not convinced that any material differences have been conclusively demonstrated between Me 3 Si-and HaSi-compounds. There is some suggestion that the angles in Me 3 Si0 cornpounds and trimethylsilyl pseudohalides are rather narrower than in the corresponding HaSi species, but I for one shall wait for more precise structural studies of the trialkylsilyl derivatives before coming to any decision on this point.
The wide angles frorn N, 0 or NCX to silicon are usually associated with (p ~ d)11-bonding from nitrogen to silicon; I am not going to challenge this interpretation. If trisilyl phosphine and arsine are also planar, then we must conclude that (p ~ d)11-bonding can also be stereochemically important between 3d-and 3p-or 4p-orbitals. On the other band, the non-linearity of silyl azide suggests that the factors that determine whether a lone pair is stereochemically active or not are finely balanced; this is corroborated by the apparently very low skeletal bending frequencies in the linear silyl isocyanate and isothiocyanate. Perhaps the extent of delocalization of a lone pair necessary to make that lone pair stereochemically inactive is not large. I t is only fair to point out, though, that we cannot exclude the structure N Si-N/ I ""'' N for silyl azide.
NMR SPECTROSCOPY
The proton resonance spectra of organosilicon compounds and silicon hydrides are of particular usefulness and importance, because, besides the usuallH chemical shifts and HH and 13CH coupling constants, coupling is also observed with 29Si in its natural abundance of 5 per cent. The29 Si satellites are much easier to find than 1 3C satellites, and for H directly bound to 29Si the fairly I arge coupling constants ( ,..._, 200-300 cjs) mean that at least one satellite is usually well clear of the main SiH resonances. The n.m.r. spectra may be used in at least three ways: to provide measurements for interpretation in terms of theoretical concepts and ideas about electronic structure; to identify groupings; or to afford rather more subtle information about molecular confi.gurations and reactions. I propose to make a few comments about each of these headings in turn.
Theoretical explanation
At present, I do not feel that theories of chemical shifts or of coupling constants are advanced enough to make interpretations useful. Even for carbon compounds, the changes in the chemical shifts of rx-or of ß-hydrogen atoms are not so far as I know properly understood, and I do not know of any interpretation that is more satisfactory where alkyl-silicon compounds are concerned. The chemical shifts of hydrogen bound to silicon are even harder to understand. A semi-quantitative interpretation of the high-field shifts of hydrogen bound to transition metal atoms has been put forward27, but to the best of my knowledge there is still no simple explanation for the low field shifts from CH4 to SiH4, GeH4 and SnH4, particularly since the shift from NH 4 + to PH 4 + appears tobe to high field28. As far as coupling constants go, the coupling constants between nuclei directly bound together are dominated by the Fermi contact term, related to the s-character in the bonding orbitals 2 9. This interpretation does not seem tobe precisely defined enough, at least in silicon chemistry, to allow the calculation of bond angles from 29SiH coupling constants ( though I have already used this interpretation for 15NH couplings !) ; none the less, it does at least provide a startingpoint for the discussion of coupling constants between hydrogen and directl ybound 29Si. The same is not true for couplings across more than one bond, such as J (H-C-29Si) in trialkylsilicon compounds. With these long-range couplings, it is essential to know the sign as weil as the magnitude before attempting a theoretical analysis; a widely accepted theory of geminal couplings, which was used by Dr Turner and myself30 in an attempt to interpret HH couplings in substituted monosilanes, broke down completely when it was found to have predicted wrongly the signs of coupling constants whose magnitudes it had predicted with a fair degree of accuracy31, I am convinced by recent work, particularly by that of Dr Dreeskamp32, to the extent that I believe both short and long range couplings are mainly determined by s-character; Professors Bothner-By and Pople have put forward a molecular orbital approach that looks encouraging33. But, unfortunately) in silicon chemistry the differences observed in couplings in related molecules are usually small, and none of these theories is yet capable of describing small differences adequately. As with so many chemical phenomena, the things measured represent small differences between large quantities. I therefore feel that it is more useful to look for correlations among n.m.r. parameters than to seek for explanations.
The identification of groupings
For the identification ofnew compounds, it is useful to have an idea ofhow the SiH chemical shifts change with substitution at silicon.
As Table 2 shows, there is a low-fi.eld shift from ,.(Si~), 6·81 p.p.m., with substitution of halogen, 0, S, Se, N, P, As, Sb or C. This is like the pattern found in carbon chemistry. However, there is an important difference in the behaviour on further substitution. In methane, successive substitution of F, Cl, Br or I leads to a low-field shift39; the same is true for SiH resonances in chloro-, bromo-, iodo-or methyl derivatives of silane. With further substitution of F, 0 or N, however, the shift is very small indeed, and to high field. Why this should happen is not yet understood; it is tempting to associate the very small high field shifts on further substitution ofthese very electronegative elements with (p _,.. d)7T-bonding, but I do not know of any justification for this interpretation; we must remernher that the change in -r(SiH) from Me2SiH2 to MeaSiH is only about -0·17 p.p.m. 40 .
Methyl substitution in SiHaX, SiH2X2 or MeSiH2X leads to a low-field shift in the SiH resonance; some data are presented to illustrate this in Table 3 .
The proton resonance chemical shift of SiH 3 -groups is to some extent characteristic of the other atom bound to silicon, and is much less sensitive to remote substitution. The SiH 3 N resonance, for example, falls within a range of 0·14 p.p.m. in the 8 compounds studied, which makes the parameter of some diagnostic usefulness40 ( Table 4) . But the range is overlapped by the ranges that apply for SiHaO-compounds at one end34, 37 and for SiHaScompounds at the other34, 42; in fact, the last SiH 3 0-compound in Table 5 It is just possible that there is some interaction between the silicon atom of silyl acetate and the carbonyl oxygen, but the u.v. spectra of silyl and of methyl esters are very similar, at least for the vapour phase (the n.m.r. spectra were of course recorded in solution) 37. As an illustration ofthe usefulness of T(SiH) when combined with measurements of J(29SiH), Table 6 shows the parameters obtained from mixtures of Table 6 . N.m.r. parameters for SiHaNMe2 and for mixtures of this amine with C02, cs2 and cos
SiHaNMe 3 with C0 2 , CS 2 and COS. The products of these reactions are unstable at room temperature, even in vacuum, losing SiH4, though they are rather more stable in CCl4 solution; the reactions were allowed to occur in n.m.r. tubes at low temperatures, and the spectra showed that the amine and C0 2 react rapidly even at -46°. There are two or three interesting features about these spectra. The SiH resonances of the systems containing C02 or CS 2 are consistent with the formation of silyl carbamate ( or thiocarbamate),
HaSiX.C(X)NMe2.(X=O or X=S)
However, restricted rotation about the CN bond might be expected to lead to non-equivalent methyl groups; we must assume either that the rotational barrier is low enough to prevent the observation of splitting even at -46°, or that the molecule adopts a cis-configuration on which the N -methyl groups might be effectively equivalent:
For the product of the reaction with COS there are two possible structures:
Rough calculations assuming a low value ( "-1 60 kcal) for E(SiS) suggest that the structure (II) should be preferred on grounds of energy. The n.m.r. spectrum shows only one SiH resonance, with only one set of satellites, so that the product is likely to be homogeneaus; but the methyl proton resonance is split into two peaks of roughly equal intensity, whose splitting is unchanged between -45° and room temperature. The SiH chemical shift is in the SiHaO-region, but some 0·2 p. p.m. to low field of the lowest SiHaS-resonance I know of (in SiHaSCFa) 42 ; moreover, both CH 3 resonances are closer to r(CHa) in the CS2 derivative than in the C0 2 compound, which seems to imply the presence of C =S rather than C =0. All this favours structure (II). The splitting of the methyl proton resonance, however, is a little odd. If the NMe-groups in the C0 2 and CS 2 derivatives are equivalent though rotational averaging, the barrier in the COS compound must be so much higher that such averaging is prevented even at -40°C; it is not immediately obvious why this should be so. If, however, rotation is restricted in all three, but the methyl groups in the other two compounds are equivalent through the cis-configuration of the XCXSi system, then it is easy to see why the methyl resonance in the derivative of COS is split; in this compound the two methyl groups would necessarily remain nonequivalent.
The use of 29SiH satellites These satellites are useful to the structural ehernist in a number of ways, in addition to providing a valuable parameter for qualitative analysis.
In the detection of intermolecular interactions
First, they may be helpful in detecting intermolecular interactions. The coupling between directly bound nuclei decreases as the coordination number of one of the nuclei increases. For instance, J (29SiF) changes from 178 cfs in SiF4 to 110 cfs in SiF6=· Thus changes inJ(29SiH) withsolvent should provide a useful way of investigating fairly weak interactions between SiH-compounds and donor solvents. Unfortunately, we have so far been unable to obtain solutions of the adducts of the bromo-or iodosilanes with bases that are concentrated enough for us to be able to detect the 29SiH satellites; we believe that some at least of these adducts are ionic35 • 44, and J(29SiH) in species like py 2 SiHa+ or py4SiH 2 2+ would be of great interest. We do find, though, thatJ(29SiH) of SiH 3 I dissolved in acetonitrile is very close to the value found for the same compound in cyclohexane as solvent, so solvation of SiHal by acetonitrile is unlikely to be strong.
We have also investigated the interaction between monosilane and both pyridine and trimethylamine35, We have sealed enough SiH4 in n.m.r. tubes with pyridine or with trimethylamine to give pressures over the liquid (assuming no solubility) of 20-40 atm. at room temperature. The n.m.r. spectrum of SiH4 shows no material change from that found in cyclohexane even down to temperatures as low as -82° (in the case of trimethylamine). We conclude that interaction between SiH 4 and either of these bases is at its strengest very weak, and we have found no evidence for any interaction at all. Wehave found no evidence that MeaSiH forms an adduct with pyridine.
To indicate the pressure of more than one equivalent Si atom
In molecules containing more than one equivalent silicon atom, the presence of 29Si will normally destroy the magnetic equivalence; for statistical reasons, the proportion of molecules containing more than one 29Si atom is usually small. Thus, to take the simplest example, the spectrum of disilane45 consists of a single sharp resonance, due to (2BSiHa) 2 , with widely spaced satellites due to H 3 29Si2BSiH 3 and closely-spaced satellites due to H 3 29Si28SiH 3 . The presence of the single 29Si atom introduces an effective chemical shift between the two sets of protons of about (1/2)], and as a result both sets ofsatellites appear as quartets (splitting 4·85 cfs) because of coupling between the two sets of protons. If Ionger-range coupling can be detected, it may provide valuable structural evidence as to the nature of the compound being studied. The main resonance of a 2 per cent (molar) solution of trisilylarsine38, for example, was (as expected) a single line. The wide satellites, due to the 29SiH protons of molecules 29SiH 3 As(2BSiH 3 ) 2 , were found tobe split by the six equivalent 2BSiH protons into heptets, with internal spacing of 0·673 cfs, while the close satellites, due to the 2BSiH protons of 29SiHaAs(2BSiHa)2 coupling across As with the 29Si atom, were further split by the three 29Si-H atoms into quartets. This represents a conclusive proof of the structure of the compound as (SiH 3 )aX. Long-range coupling of this sort has so far been detected in the spectra of disilyl sulphide, trisilyl phosphine and ( as above) trisilyl arsine.
A similar situation can arise in the spectra of compounds that do not contain SiH bonds. The olefinic resonance46 of the compound
consists of a single sharp peak, because the two H atoms are equivalent. The 29 Si satellites, however, are more complex, because the presence of a single 29Si atom destroys the equivalence of the olefinic protons-J (cis) 2 9SiCCH and J(trans) 2 9SiCCH are not quite the same. Thus the 29Si satellites represent the AB part of an ABX spectrum, and six of the expected eight lines can be resolved. The 29Si satellites can also be used to simplify complex spectra in which protons bound to neighbouring silicon atoms have chemical shifts that are small compared with J(HH). The effective chemical shifts introduced by coupling with directly bound 29Si are large enough to make it possible to treat the satellites as first~order spectra. This is how the spectrum of trisilane was solved 43 ; the main resonance is very complicated, but the satellites consist of overlapping triplets and heptets, from which (with a little fiddling) the parameters from which the main spectrum can be calculated are obtained.
The study of labile systems
Like most spectroscopic methods, n.m.r. may be used to investigate equilibrium systems without disturbing the equilibrium concerned; molar concentrations may be found using signal intensities, and if activity coefficients are ignored it is easy to calculate rough values of the equilibrium constant. Wehave been studying the systems R3Si(or Ge)X + HY ~ R 3 Si(or Ge)Y + HX where R is H or Me, and Xis halogen. The spectra show that the equilibrium is set up at room temperature, and Table 7 shows the equilibrium because of a peculiar effect we found in the germyl case. We studied the reaction between GeH3X and HY in a variety of solvents; we find that the exchange of X with Y is much faster than the exchange of H with D if one uses GeH3X and DY, so we conclude that the mechanism involving dissociation of GeH3X into GeH 2 and DX is unlikely to be important. The spectra we obtained using as solvent tetramethylsilane that bad been dried over molecular sieve at -80° consisted of the expected sharp, separate GeH resonances at room temperature; but those obtained using the solvent dried over molecular sieve at room temperature gave a single broad GeH resonance at room temperature, mid-way between the positions of the resonances in GeH3Br and GeH3I (the system in which this effect is most easily defi.ned). This resonance split as the tube was cooled into two separate resonances, which were only slightly broadened at -80°; this all indicates rapid exchange of X with Y, suggesting that the lifetimes are about 0·01 sec. There is thus some catalyst for this system, but what the catalyst is we have no idea. It is not water, not chloroform, presumably not a base, not a Lewis acid. I myself suspect the surface of the glass, for we have not yet defined absolutely clearly the conditions under which rapid exchange is observed. I mention these results as an awful warning to anyone who tries to do kinetic work in these systems by n.m.r.
